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We wish to thank Dr. F. Kaufman for stimulating discussions and for advising us of some of his experiences in working safely with ozone. Dr The resonance absorption of p-benzosemiquinone in sodium ethylate-ethanol solution has been deter mined from t= -50°C to room temperature in the Zeeman region at frequencies of the order of the zero field splitting produced by the isotropic hyperfine coupling. At t =-50°C, the resonance absorption indicated free-radical interactions with two sodium nuclei. The isotropic coupling constants measured for the free 23 electron spin-1 H and Na interactions were, respectively,! A I =6. The over-all energy of activation was determined to be E.=10±1 kcal mole-1 and To= 253°±5°K. Also, since the solvent-free-radical interactions occur at the end oxygen atoms, an estimate was made of the role played by the spin--orbit-lattice interactions introduced in the p-benzosemiquinone ion by the asymmetric vibration of the CO bonds. In the Zeeman region, the transition probability per unit time between a participating pair of levels induced by Van Vleck second-order Raman processes was estimated to be of the same order of magnitude, W "'1()4 sec-1 , as other processes considered previously for p-benzosemi quinone in solution. This is however two orders of magnitude less than the experimental values.
I. INTRODUCTION
The characteristic ESR spectra of free radicals are usually investigated in the Paschen-Back high-field region_for reasons of sensitivity. However, important information may be obtained from studies in.the low field Zeeman region. Here, conversely to what .. happens in the Paschen-Back region, the spin states of different F (where F is the total spin quantum number) are nondegenerate and all the transitions M=O, ±1; M.=±1 are allowed. Already, Lloyd and Pake 1 have studied the relaxation mechanisms for the per oxylamine disulfonate ion in solution in the Zeeman regions.
1 J. P. Lloyd and G. E. Pake, Phys. Rev. 94, 579 (1954).
The p-benzosemiquinone p-BSQ-ESR absorption in the Zeeman region has been studied here with the purpose to determine solvent effects and ion cluster formation with Na+ ions in dry ethanol. This free radical ion has been extensively investigated in the Paschen-Back region. Stone and Maki 2 found that complexes of the type S(p-BSQ-)S' (where S,S'= water and dimethyl sulfoxide solvent molecules) exist in solution. Khakhar, Prabharanda, and Das 3 found that the p-BSQ-spectrum in alkali-metal solutions in 1, 2-dimethoxyethane and tetrahydrofuran 2 E. Stone and G. Maki, J. Chern. Phys. 36, 1944 (1962 gave two different proton coupling constants at t= -60°C. This, together with an observed alternating line broadening suggested the formation of solvent separated ion pairs between p-BSQ-and K+(S). Schreus and Fraenkel 4 a found that the dominating relaxation mechanisms for p-BSQ-in alkaline aqueous ethanol arise from the random time-dependent per turbation of the anisotropic intra-and intermolecular proton hyperfine interactions and the anisotropy of the g tensor. They determined the correlation time for these spin-lattice energy exchange processes to be rc"'7Xlo-11 sec. The theory for the free-radical ESR absorption line shapes and relaxation mechanisms in the Paschen-Back region has been developed by Fraenkel and associates,4-8 Stephen, 9 dependent terms should be operative in the Zeeman region.
Ion-pairing effects of two different types have been studied recently for aromatic negative ions. These effects were originally proposed by Sadek and Fuoss. 13 They pointed out that an ion, coordinated with solvent molecules, will approach the counter ion until the relatively rigid solvation shells come into contact. The barrier to further approach required the squeezing out of solvent molecules leading eventually to contact ion pairs. Thus, the association process would involve two steps, the association of ions retaining their solvation shells and the contact ion pairs. This has been confirmed by the work of Eigen, and associates. 14 Also, Atherton and Weissman 15 have measured a temperature dependence of ion pairing effects in the Paschen-Back region ESR absorption of the naphtha lene negative ion in sodium-metal-tetrahydrofuran solution. Recently, Slates and Szwarc,t 6 a and Chang, Slates, and Szwarc 16 b have made conductivity measure ments of aromatic radical ions in sodium-metal tetrahydrofuran solution and dimethoxyethane solu tions. From these measurements, the dissociation constants for the contact and solvent-separated ion pairs were obtained. • J =Jo+J.,+J.P is the sum of the interproton isotropic hyperfine coupling constants for the ortho, meta, and para protons J 0 , J.,, and J 11 , respectively. • are given in Table I . Here standard notation has been used as follows: wr= -"(rH.; 'YI is the magnetogyric ratio of the species I (unpaired electron and lH); H, is the static laboratory field; h(A,.)Av=TrT,. and h(Jnn')Av=TrT,.,. .. T,. and T,.,.. are the electron-nuclear and nuclear-nuclear spin hyperfine coupling tensors.
III. EXPERIMENTAL
The magnetic resonance spectra of 0.001 to 0.006M p-benzoquinone and 0.04M N a0C 2~ in dry CJL;OH were determined with a Varian 4200 wide-line spectrom eter using a 12-in. high-resolution magnet at the constant frequencies: vo=16. 416 The frequencies, stable to within 0.1 kHz were meas ured with a Hewlett-Packard 524 counter. A fresh sample was prepared for each run and the free-radical concentration was found to be constant throughout the recording time of a complete spectrum, as evidenced by the reproducibility of the intensity about zero field. The room-temperature spectra are shown in Fig. 2. FIG. 3. Transition energy diagram for the free P-benzosemiquinone ion m the Zeeman region.
• Figure 3 shows the transition energy diagram. The resonance fields and relative intensities are given in Table II . Here, the observed transitions are produced by the two components of the rf field:
Hrt=2Ht coswoti=Hr(wo)+H,( -Wo), 
Steady-state magnetic resonance fields and relative intensities I for the free P-BSQ-. 
02 • w is of opposite sign for the first transition relative to the others in the &roup. • were negligible. This was evidenced by the linear de pendence of the resonance field vs vo for the proton 1 A 0 states from 16 to 9 MHz and for the solid free radical a, -y-bis( disphenylene) -,B-phenylallyl. 21 The linewidth variation for the 1 A 11 proton states vs 1/T is shown in Fig. 4 . A seven-line hyperfine pattern begins to appear fort< -20°C for all the proton states.
Temperatures were determined to ± 1 °C with a Cu constantan thermocouple. The low-temperature Dewar has been described elsewhere. 22 The ESR absorption for the 1 A 11 proton states at t= -50°C is shown in Fig. 5 .
The hyperfine structure was observed for all the transitions at this temperature. The relative intensities of the p-BSQ-room-temperature spectra at two dif ferent rf power levels are given in Table III .
IV. DISCUSSION OF RESULTS
The hyperfine structure of the low-temperature resonance spectra arises from the interaction of the p-BSQ-with two equivalent 28 Na. Here the spin functions for the two sodium nuclei decompose within the operations of the D2,. group with the structure r(2-
This leads to a reducible representation of all the nuclear spin states for the complex (Na+)2(p-BSQ-) with the structure r( 4-1 H) r(2-23 Na) = ( b The ESR absorption relative intensities given were obtained from the amplitudes measured directly from the area under the derivative curves (determined by weight) and the .6-v.,.. The results are averages from measurements on both sides of H, =0.
• Only the lines without accidental degeneracy were compared. • The values reported in this work are in megahertz. Conversion to Gauss units was made using the Paschen-Back region I 'Yel =2.7988 MHz G-t for p-BSQ-in dry ethanol (see Ref. 22 ).
b The solvents are abbreviated as follows: 1,2-dimethoxyethane DME, tetrallydrofuran THF, dimethyl sulfoxide DMSO, and acetonitrile ACN.
• At I= -5o•c and 16.366 MHz, the proton hyperfine coupling is the same as at room temperature to within :±0. whence the resonance fields for the 1 Ag proton states shown in Fig. 5 were derived. The experimental parameters are given in Table IV , together with literature values from measurements in the Paschen Back region. The proton-electron spin hyperfine coupling con stant measured in the Zeeman region is in agreement, within the experimental error, with the value measured in the Paschen-Back region in a similar solvent. 22 24 -However, although two different proton hyperfine coupling constants were observed at t= -60°C in potassium-tetrahydrofuran solution, 3 in dry ethanol at t= -50°C the proton hyperfine coupling constants are the same for all four protons and equal to the room-temperature value. This suggests, therefore, that the Na+ ions in the low-temperature ion cluster affect the pi-electron spin density at the ring positions 2, 3, 5, and 6 of the p-BSQ-in the same manner as they do at room temperature. This is in agreement with the work 2 of Stone-Maki. They found that the formation of solvent coordinated p-BSQ-ions did not affect ap preciably the proton hyperfine coupling constant, whereas the 1-p-benzosemiquinone 13 C-electron spin coupling constant was strongly affected by the co- with the lattice. The significant contributions to hJC 1 in the Zeeman region have been itemized in Table V . These have been separated into two kinds. The first kind introduces relaxation terms for the electron and nuclear spins making up p-BSQ-. The second kind affects only the electron spin.
The observable is F.,.= S .+I.,. and the expectation value (F.,.) satisfies a rate-of-decay expression:
where ao,. is the equilibrium value for a.,. which, in principle, can be derived paralleling the general Also, a single longitudinal and a single transverse relaxation time, T 1 and T 2 in Eqs.
(7) and (8), apply only to the 1 A 11 proton states where F=S. For K,.~O the density matrix formalism must be developed. This has already been done for the Pasch en 12 Back region ESR absorption. However, since in the Zeeman region the ESR absorption of the 1 A 11 proton states is well resolved from the rest, the experimental results may be analyzed for these states making use of the equations developed for a total spin F=!. 29 Thus, for the sake of simplicity, the discussion of results will be concerned primarily with the ESR absorption of the K,.=O proton states. The contributions from the different terms in Table V are as follows.
The terms that transform as a zero-rank tensor of the first kind cause a mixing between the different proton symmetry species in the D21-. group. The experi mental evidence from work in the Paschen-Back region in other solvents indicates that c2v would be the lowest possible instantaneous symmetry for the ion under going interactions with the solvent. Also, the experi ments3 indicate that the spin density at the ring positions 2 and 6 increases or_ decreases at the expense of the spin density at the ring positions 3 and 5 such 
where the species A 11 and B 2 .,. of the D 2 h group have gone into A1 of the C2v group and similarly Bt 11 and Bsu have gone into B 2 P As a result, the steady-state en ergies, correct to second order in the Zeeman region, are now given by the ao of Table I plus The aa,a' are given in Table I • The matrix elements tabulated are Table VI. • The matrix elements connect only states of the same symmetry species. III. All 1 Aq matrix elements are zero for D21o symmetry species
The low-temperature septet, shown for the K..=O proton states in Fig. 5 could arise from two possible species. One is a three-ion cluster of D21o symmetry, (Na+) ·p-BSQ-· (Na+), and the other is an ion pair (Na+) ·p-BSQ-of Ch symmetry with (c5)Av¢0. In the first case Ik=3 while in the second h=! but the 1 At absorptions are separated by 8( (c5)Av) 2 w 0 /3A 2 =3A', or ( (c5)Av/A) 2 =0.022. However, if (c5)Av¢0, the triplet proton states, the two 3 B 2 and the 3 A~, should also be split as follows. The transition frequencies for the 3 B 2 proton states are The correction terms for the 3 A 1 resonance transitions are of the order of (c5 2 )Av/D±t'· Thus from the expressions for the resonance fields given in Table II, the expected over-all field separations for the above transitions when (c5)Av¢0 and w 0 /l A I =2.476 would be 3.12 (c5)A., 1.64 (c5)Av, and 1.35 (c5)Av or 3.14, 1.61, and 1.48 MHz, respectively. However, the observed envelope linewidths at t= -35°C and wo/l A I =2.476 were the same for the singlet and triplet proton transitions and equal to 1.3±0.1 MHz. Also, a spectrum for an ion pair could not be fitted to the data. But, in work, 4 a see Table IV . The only single-line absorption, the I!, !~I!, !) transition, was 15% broader. However, the much greater linewidths observed for the triply degenerate proton triplet states and the doubly degenerate proton singlet states suggest an instan taneous c21> symmetry with (~)Av¢0. The linewidth temperature dependence of the K..=O proton states may be explained from the general theory. 31 This predicts that for a single pair of levels separated in energy by li(a-b) 
is the general transition probability per unit time be tween the steady-state spin levels.
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I i) and I f) are the initial and final states of the whole system and p(E 1 -E ) ) 1 =p;r-c5(E;-E 1 is the spectral density of final states. E, and E 1 are the total initial and final state energies. Now, if for 0°~t~ -20°C, the lifetime of the spin states is limited by the chemical exchange process
~Na+-[ 0=@=0 rNa++2NaOCzH5 (12) with an over-all first-order rate of disappearance
then the chemical exchange time is
Ea is an over-all energy of activation. 32 The significant contributions to the 1 Au-proton-state linewidth in the above temperature range are then
where For the states with Kn~O, the intramolecular anisotropic hyperfine interaction will contribute to the relaxation times. However, the magnitude will be dif ferent in the Zeeman region than in the Paschen Back region. The induced transition probability per unit time between two spin states I a) and I b) of (fiXo)Av is, in the Paschen-Back region, Table VII . The limiting values for bab as H.-tO and ao are also given. The importance of the intra molecular dipolar relaxation in the Zeeman region, due to the nonzero terms in Table VII was made evident by measuring the relative intensities for the singlet proton states at two different power levels with respect to the other transitions. These are given in Table III . However, interpretation of the results is not simple because at room temperature the correlation time for dipolar interactions is -r c"-'7 X to-11 sec, 4 " whereas -r •. k""'-'2.2Xto-s sec for the chemical process in Eq. (t2), if one may assume that A' has not changed appreciably with temperature. Also, if the Na+• p-BSQ is an intermediate in Eq. (t2) with a chemical exchange time shorter than Te,k but longer than "•• the intra molecular dipolar interactions take place for c2. symmetry species. This means that when the instan taneous anisotropic hyperfine terms in .::l 3 (see Table  VI ) are introduced all protons become nonequivalent.
For H.=O and Wo/ I A I =2.5 and 1.5 the theory predicts that two equally intense lines of opposite phase should cancel out completely. See Table II . However, this was not feasible experimentally. Figures  2 and 6 show the near H.= 0 transitions. A probable explanation for this is that the anisotropic hyperfine interaction term has lifted the degeneracy between the states of equal F. That is, when H.=O the correspond ing secular equation must be solved for every value of F taking into account the dipolar terms explicitly.
The time averages of the eigenvalues of fiJCo should then contain nonzero dipolar terms. Thus, although cancellation will occur for a given pair of transitions at H.=O, they do not all occur at exactly the same frequency. This means then, that a study of near-zero field transitions versus the frequency should give the magnitude of the intramolecular dipolar interaction terms.
Contributions to the near zero-field linewidths may also arise from spin-orbit-lattice interactions which are field independent.l 0 b Thus, since the eigenvalues of liJCo can be made as accurate as need be in the Zeeman and spin-orbit terms,S 5 the ground-state free-radical wavefunction at time t=O, in the Zeeman region is A schematic diagram is shown in Fig. 7 . In the Zeeman region ~ and II represent the closed sigma-and pi-electron sets, no and no• are the n-type orbitals at the oxygen atoms, 71' s is the free-electron orbital in the ground state, and the superscript minus on the orbitals indicate negative electron spin). Now, In+) and 1 n_) are of opposite symmetry with respect to reflection on a bisecting plane normal to the ring and the 00' axis. Therefore, when V is expanded in terms of the normal coordinates of vibra In summary, the above estimates show that at room temperature, in the Zeeman region the processes in Table V contribute almost equally to the linewidth as given in Eq. (11). The measurements carried out here, however, indicate that the chemical reactions in the neighborhood of the ion do affect the different re laxation processes. This indicates then, that the solvent as well as the counter ion must be taken into consider ation in the interpretation of resonance absorption saturation and linewidth studies of free radicals in solution.
VI. CONCLUSIONS
The experimental results have shown that for p-BSQ-in absolute ethanol chemical reactions give important contributions to the free-radical relaxation process. The formation of three ion clusters was verified. However, whether these clusters are in contact or are solvent separated was not established. The fact is that the 23 Na hyperfine coupling observed at t= -50°C is low compared to that for the other three ion clusters of similar nature such as (Me 3 C)2CO-(Na+)2 which shows a 23 Na coupling of 1.7 Gin THF at -70°C. 53 However, this may not be a fair comparison because the coupling will depend on the spin density at the oxygen atom and the temper ature as well. Lk Zk/rk is the free-electron orbit-lattice interaction term, pis the linear momentum of the unpaired electron, which moves in the Coulomb field of all the nuclei in the free radical ion plus all the surrounding molecules and ions and eZk is the effective charge of the kth species at a distance rk from the unpaired electron. The first term in li:JC 80 is zero for non s-electrons in spherically symmetric fields, but for aromatic hydrocarbons, where Vis of lower symmetry, it vanishes when the second term is nonzero. For a molecular free radical, then, the complete spin-orbit term is L where h~i is the excitation energy from the ground state I 0) to the virtual state I i). The terms in H. where .A<ql and F<ql are, respectively, spin-only and lattice-only operators. Also, for the sake of simplicity the different term contributions, given in Table V , have been separated according to their transformation properties under rotation and whether or not .A<ql is a more-than-one-spin operator.
